This paper focuses on the effect of Ni-based reforming catalyst on tar decomposition, dealing with the relationship between the operating factors with synthesis gas composition. A series of catalytic gasification experiments of municipal solid waste were carried out under the range of 873-1023K, to evaluate the performance of three types Ni-catalyst on promoting H2 and CO generation, particularly concerning with H2/CO ratio variation. Tar generation characteristics relating to operating elements were discussed, and catalytic promoter inhibiting H2S, SO2 occurs was investigated. It indicated that Ni catalyst can effectively improve tar decomposition, promotes H2 and CO generation. High temperature is favour for gasification and deep thermal crack, moreover improve the catalytic performance. Tar is finally converted into unsaturated hydrocarbons and oxy-organics. As catalyst promoter, alkaline metals, such as K, Ca, Zn presenting in Ni catalyst will significantly eliminate H2S, promote tar decomposition, furthermore, directly affect the H2 and CO ratio. Alkaline metal additives contained Ni-based catalysts be suggested as a potential means for the efficient production of clean synthesis gas from municipal solid wastes.
Introduction
Currently, increasing volumes of municipal solid waste (MSW) pose disposal problems for many cities in China. Costs are rising as landfill becomes more difficult. Widespread public concern over emissions of polychlorinated dibenzo-p-dioxins and polychlorinated dibeno-furans (PCDDs/PCDFs) is an important reason for public opposition to incineration of MSW.
The production of clean gaseous fuels from MSW is one economically and environmentally promising option for dealing with these problems. Gasification of MSW is an alternative technology to produce fuels, declining the volumes and sufficiently harmful 1 . Gasification refers to the thermo-chemical conversion of combustible materials into synthesis gases with the key components such as hydrogen (H2), carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), and lighter hydrocarbons (CnHm) at high temperature condition. Nowadays, Gasification systems are successfully applied to the production of energy from biomass 2 . We also expect that gasification can represent an attractive alternative to the well-established thermal treatment systems for the recovery of renewable energy from municipal solid wastes 3 . Gasification technology of solid wastes has comprehensively investigated and made significant advances in the past 30 years. Various demonstrate plants and commercial processes have been built 4, 5 . The demonstrated results of these gasification process indicated that environmental benefits of fuels production from MSW would be substantial compared with incinerations. Particularly, the production hydrogen-rich synthesis gas from MSW via gasification has received serious recent attention. High efficiency electricity generation is expected to be achieved by directly chemical conversion incorporated with fuel cells or produce derived fuel by Fischer-Tropsch synthesis to meet transportation needs 6 . However, for the production of hydrogen-rich synthesis gas, MSW would first be require to removal of no-combustible elements, following by sizing and mixing of the remaining components into refuse derived fuel (RDF). After gasification, trace contaminants in the product gas must be removed to prevent poisoning of catalysts in downstream reactors. This constraint ensures that fuels production from MSW has low external environmental impacts. Key contaminants of concern are sulphur, chlorine, particulates, heavy metals, halide gas, tar and so on during gasification. A typical cleanup process might first involve particulate removal with a cyclone and quenching in a wet scrubber. If needed, the concentration of halide gases (e.g. HCl and HF) can be further reduced by injection of an alkaline solution. Sulphur leaves a gasifier largely as hydrogen sulphide (H2S). It can be removed using commercial low temperature processes and converted in elemental sulphur 7 . In order to produce hydrogen-rich synthesis gas, adjusting the ratio of H2 to CO, as well as eliminating tar and the other trace contaminants at low temperature process, a catalytic reforming unit is normally set in the downstream. Since the catalysts used in Fischer-Tropsch (F-T) synthesis and fuel cell have a very low tolerance for contaminants, their concentrations must be much lower than those reflected in public-health based emissions regulations. For example, 100 ppmH2S will poison the catalysts used in F-T process. The low emissions of contaminants to the air with gasifier-based fuels production from MSW suggest that contaminant concentrations in liquid and solid effluents should also be examined carefully. Comprehensive emissions data (solid, liquid, and gaseous) that would allow a more careful assessment were not only collected during the tests, but also the results of the waste water tests suggest that pollutants in liquid effluents will be minimal from fuels production 8 . Catalytic gasification-reforming has been well known as favour for more of H2 and CO generated at rather lower temperature condition. Moreover, it has been demonstrated that hydrogen-rich synthesis gas can be effectively produced from the gasification of wood and plastic with using Ni-based reforming catalysts [9] [10] [11] , as well as noble metals such as Rh, Ce, and these metals exhibited excellent catalytic performances and are less susceptible to carbon deposition 12 . Unfortunately, these metals considered unfeasible for commercialization due to expensiveness and lack of deposits. It is considered more economic and feasible for commercialization using alkali metals oxides as catalyst, such as CaO, ZnO, as well as natural mineral, such as dolomite and olivine 13, 14 . In this study, RDF was subjected to directed gasification and catalytic reforming in order to obtain feasible synthesis gas at 873, 923, 973 and 1023K, respectively, and gaseous products propose to be used in the process of F-T synthesis for derived fuel production. Our experimental research focused on the effect of Ni-based reforming catalysts on tar decomposition, dealing with the relationship between the operating factors with synthesis gas composition, and evaluate the performance of three types Ni-catalyst on promoting H2 and CO generation, particularly concerning with H2/CO ratio variation.
Since synthetic derived fuel is proposed as the end-used in our study, only the synthesis gas with rather high content of H2 and CO available for raw mater. Furthermore, taking account of derived fuel synthesis operating condition and tolerance levels of synthesis catalyst for trace contaminates, the gasification process would desirably be operated under a range from 873-1023K and followed with a high temperature purification unit to avoid unnecessary heat losses caused by temperature variations between the gas producing process and synthesis process. In this study, the experiments were carried with a bench scale gasification-reforming experimental system. Where, oxygen was employed as gasification agent, and as major operating factors accompany with temperature condition, and Ca, Zn, K used as additives of reforming catalysts, their effects on gas conversion were detail discussed.
Experimental

Raw materials and catalysts
RDF was employed as the feedstock to substitute for MSW to ensure homogeneous of raw materials. RDF was premade by MSW. Where, municipal solid wastes were shredded and screened, then well mixed with CaO, and finally extrude into RDF pellets with diameter of 8mm and length of 20-30 mm, respectively. The key components of RDF are shown in table 1, the proximate and ultimate analyses are shown in table 2, respectively.
Since RDF mainly contains nearly 50% of garbage and 22% of biomass, its gasification characteristic is assumed similar to biomass. However, it also suggested that a series of complex reactions may occur during gasification in term of the presence of 17.37 % of plastics and 7.44 % of rubbers. Particularly, a special attention should to be paid for the formation of H2S and HCl due to the presence of S (0.3% ) and Cl (0.7%) species. Three types of Ni-Based catalyst were prepared for experiments, table 3 summarized their components. 200 mesh α-Al2O3 was used as support of Ni-based catalysts. As additives, various kind of alkaline metals Ca, Zn, K were used, and nearly 0.1wt % of CeO2 was particularly added in catalyst C. 
Experimental facilities and analysis system
A bench-scale gasification unit was built for the experiments (Figure 1 ). The system consisted of two reactors in series: a primary reactor (gasifier) followed by a secondary reactor (reformer), made of stainless steel. The primary reactor is designed as a fluidized bed type (OD 55 mm, H 1410 mm), while, the secondary reactor is designed as a packed-bed type (OD 55 mm, H 1450 mm), preheated by ovens. Two distributors are used in reactors. One is set at the bottom of the gasifier to support the fluid-bed matter, and the other is set in the reformer to support the catalysts, respectively. On the distributors, about 50mm high Al2O3 bed (8 mm ball) were set to support residuals of RDF decomposition, bed matter and reforming catalysts, Φ1 mm Al2O3 was used as bed matter in gasifier, and oxygen as gasification agent. All pipelines will be kept above 573 K using mantle heaters to prevent the condensation of steam and tars.
Once the reactors were preheated to the desired temperature and maintained for 2 hours, the feedstock was continually supplied to the gasifier at a constant feed rate from hopper through screw-feeder, and heated by bed matter, and resulting in the escape of volatile yields from the feedstock and a series of decomposition reactions occurred. Then, raw gas stream was introduced into a cyclone cylinder to remove chars. Tar remained in the hightemperature raw gas stream and was carried into the secondary reactor, transformed into a series of light gas components such as H2, CO, CO2, CH4 on the surface of the reforming catalyst. The sample gases were induced out of the reactors by gas samplers and passed a tar collection unit, where a sequence of 4 connected tar impingers were set in an ice-water bath. Tar yields were condensed and deposited in bottles. After tars were removed, the tar-free gas samples were introduced in a series of online measurement devices to determine the composition of the gas product. The concentrations of H2, O2, N2, CH4, CO, CO2 and CnHm (1<n<5) were regularly determined by a micro gas chromatograph (Agilent, Micro-GC3000). The average content of those gas compositions were finally corrected into N2-free value, representing the gas composition produced from reformer during a certain run. After the experiments, tars deposited in the impingers were collected using hexane. Tar compositions were determined with a gas chromatography-mass spectrometry (GC-MS Thermo technical Ltd.). While, the amount of oxygen injection expressed as ER (Equivalent Ratio). The feeding rate of feedstock was 250g/h. 200g of Catalysts were loaded in the catalytic zone in the reformer. The Lower Heating Value (LHV) of RDF was determined by an automatic isoperibol calorimeter (LY-300 Tianlong.co.ltd.,), which is 16855kJ/kg (RDF). The lower heating values (LHV) of synthesis gas were estimated with calorie and content of gas species. The cold gas efficiency was estimated by the ratio of calorific value of gaseous products to the enthalpy of feedstock. And carbon conversion efficiency was estimated by the fraction of carbon conversion from feedstock to gaseous. H2S and SO2 were sampled at the down steam of the gas cooling set with a gas sampler, and their contents were measured by Shimadzu GC-14pB (Japan Shimadzu Scientic, Ltd.,) Figure 1 Schematic of bench-scale gasification and reforming experimental system
Results and discussion
Effect of operating factors on RDF gasification and catalytic performance
The experiments of pyrolysis, gasification cooperating with thermal crack, pyrolysis/gasification-catalytic crack (reforming) were carried out at 873, 923, 973 and 1023K, respectively, to determine the effects of temperature, oxygen presentation, catalytic performance on gasification process. Where, when there are no catalysts in the secondary reactor, the raw gases generated from pyrolysis or gasification process passed through reformed directly and were thermal cracked due to be reheated. When catalysts were loaded in the reformer, hence some steam could be generated during pyrolysis or gasification, thus, catalytic reforming (catalytic crack) reactions would occurr. While, gasification experiments were conducted, 0.5L/min oxygen (ER=0.11) was injected into gasifier. The synthesis gas compositions after thermal cracked and catalytic reformed were summarised in table 4-7, respectively.
Comparing the process of pyrolysis/gasification-thermal crack, either oxygen absence or present in process, similar gas compositions were generated at same operating conditions. However, the gas yields increased with oxygen injection, and causing both cold gas efficiency and carbon conversion efficiency to be rose during gasification process. This phenomenon suggested that partial combustion occurred with oxygen injected in gasifizer, therefore much more chars were converted into gaseous products, moreover, most of oxygen mainly consumed by the combustion of residual of RDF, thus, it is impossible for such little oxygen remained to react with gas products. Compared with other operating factors, temperature play as a dominate role on pyrolysis and gasification process. Temperature rise promote thermal decomposition and of RDF. At 1023K, both cold gas efficiency and carbon conversion efficiency increased about 1.5 times than that at 873K, due to sufficient thermal energy supplied for deep decomposition of RDF. The highest H2 concentration about 22.2vol% was generated at 1023K.However, high tar content obviously hinder thesis gas products utilization in the end-derive. In order to assess the feasibility and catalytic performance on promoting gasification, three types of Ni-based catalysts were used for reforming the raw gas generated from pyrolysis and gasification, respectively. When catalyst A was used, the gas compositions achieved via catalytic reformed are rather same as thermal cracked. However, it is particularly noted that the concentrations of H2 and CO significantly increased when temperature up to 1023K. Moreover, comparing with thermal crack process, catalyst A is favour for improving the cold gas efficiency and carbon conversion efficiency and declining tar levels. These results suggested that catalyst A can promote tar decomposition to convert into combustible gaseous, the catalytic activity on promoting H2 and CO conversion especially was stimulated up to 1023 K.
The catalytic performance on promoting tar reforming of Catalyst B and C are rather higher than catalyst A. particularly catalyst B, a sharply decrease of tar concentrations and significantly increase of carbon conversion efficiency as well as cold gas efficiency observed from the results of their experiments. Moreover, most H2 concentrations are increased about 20% even at 873K, a rather low temperature. On the contrary, the synthesis gases with 20% H2 only generated up to 1023K when no catalysts be used in reforming process. This suggested that catalyst B and C have high catalytic performance on eliminating tar contents and improving tar reforming reactions to convert H2 and CO contents. Thus, the activity energy of reforming reaction is reduced to enhance much more H2 and CO compositions generation at low operating temperature condition. Furthermore, It is worth to note that the synthesis gas with H2 concentration nearly up to 30%, and the ratio of H2 to CO rose up to 1.1, as well as tar minimization by using catalyst B at 1023 K. This kind of gas products is considerably feasible for derived fuel thesis if tar level can be more eliminated. Therefore, with catalyst B and C utilization, more clean gases products can be generated, furthermore, a completely gasification can be succeed where carbon conversion efficiency and cold gas efficiency increase up to maximum value as 80.1% and 88.9%, respectively. These results suggested that controlling temperature above 1023K will promote catalytic performance and be favour for H2 conversion.
As trace containments, not only tar, we also concerned with H2S and SO2 release, since the presence of H2S and SO2 in the synthesis gas will poison the synthesis F-T catalysts. The levels of these poisonous contaminants in the fuel gas need to be severely limited to fit for the tolerance level of F-T process. H2S and SO2 concentration in the raw gas generated from pyrolysis-thermal crack process trended to increase with temperature, particularly H2S contents sharply rose from 0.1 to 12.3 ppm when temperature increased from 873 to 1023 K, whereas, H2S levels were rather low. H2S formation was rather affected by temperature, oxygen present, and catalysts utilized. It indicated that high temperature operating, oxygen injection would promote H2S conversion, and these operating conditions had been demonstrated to be favour for tar thermal crack and reforming. Conclusively, H2S can be assumed to be converted from tar components, especially considered as the product of mercaptan decomposed. In all the case, SO2 contents were rather lower than H2S, its typical levels were range from 0.02-0.3 ppm, since it normally considered less damage to catalytic activity, so, SO2 can be ignored.
However, H2S levels eliminated below to 3 ppm with catalysts utilization when temperature lower than 923K. This result suggested that the alkaline metals presenting in catalysts, such as Ca, K, Zn and their oxide could effectively eliminate H2S, promote the desulphurization reaction under rather low temperature condition. Therefore, alkaline additives can remove H2S from synthesis gas, and limit the level of H2S to meet for tolerance level of F-T synthesis process.
3.2 Tar decomposition characteristics Tar decomposition can be promoted by alkaline additives in Ni-based catalyst has been investigated in our previous study 9 . In this study, the fact that tars yields decomposition could be effectively improved by Ni-based catalysts was demonstrated again. Furthermore, it also proved that the catalytic activity was the function of temperature, high temperature operating can successfully improve Ni-based catalytic performances on tar reforming. Certainly, as additives, Zn and K presenting in the catalysts are assumed to lead the catalytic actives improvement, hence the lowest tar levels range from 5.3 to 14.0 g/Nm 3 were achieved when used catalyst B, these levels declined than that synthesis gas only be treated by thermal crack, and the minimum tar content as 5.3 g/Nm 3 were gained with catalyst B at 1023K. Figure 2 and 3 are the GC-MS chromatographic spectrum spectrogram of tars generated from gasification and gasification-catalytic reforming at 973 K, respectively. The results indicated that tar conversion was strongly affected by the downstream gas refine process. Tar typical contentions mainly are the naphthalene and long chain hydrocarbons, such as eicosane and tetracosane. It was reported that hydrocarbons contents of tar would be mainly converted into polycyclic aromatic hydrocarbon (PAHs) during thermal crack process, such as phenanthrene, and the main reaction of tar thermal crack is the dehydrogenation 15 . However, only a little of phenanthrene was found in the catalytic reformed tars, and much contents are unsaturated hydrocarbons and oxy-organics, e.p. olefin (3-pentene-2-one, 4-methyl-), ketone (2-pentanone, 4-hydroxy-4-methl-, and cyclopentanone, 2-methyl-) The mechanism of alkalis additives can improve the performance of Ni-based catalysts is assumed to be that much steam and tar are easy caught by alkalis, leading the steam and tar to easily touch the surface of Ni catalyst and so offering more opportunities for steam to reforming hydrocarbons into H2 and CO. Certainly, supplying sufficient resident time is an important consideration. Catalytic effect of alkalis, such as K and Zn were also demonstrated by A.Demirbas, et al 15 . They considered that alkalis such as K2CO3 prevent the formation of stable chemical structure and also by an oxygen-transfer mechanism they weaken the C-C bond, thereby decreasing the activation energy for the complex decomposition reaction. It can be assumed that the alkali cause weakening of the intermolecular interaction of the polymeric chains and, at the same time, catalyzes not only intra-link dehydration but promotes the processes of retroaldol cleavage and condensation of the products produced.
Conclusions
In the present work, synthesis gas was demonstrated to be efficiently produced from RDF via gasification and cooperate with Ni-based catalytic reforming technology using alkalis as additives under a temperature range from 873 to 1023 K, and near to 30 vol% of H2 content synthesis gas can be achieved at 1023K.
Temperature and reforming catalyst play as dominate role on gas compositions and tar decomposition during RDF pyrolysis and gasification process. In the case of pyrolysis/gasification-thermal crack process, tar thermal crack and gas conversion can be promoted by temperature rise. Whereas, rather high tar level remain in gas products, and H2 content, cold gas efficiency, as well as carbon conversion efficiency are much lower.
Ni-based catalyst is feasible for raw gas reforming, particularly using alkaline metals as additives, such as Ca, K and Zn, is demonstrated can efficiently promote H2 conversion from MSW. The catalytic activity on tar reforming can be significantly improved by temperature increase. And proper alkalis additives, such as K, Zn present in catalyst not only improve Ni-based catalytic performance on tar reforming, but also effectively eliminate H2S due to their desulphurization performance. A synthesis gas product with the minimum H2S content of 0.1 ppm and the lowest tar level as 5.3 g/Nm 3 was generated with a Ni-based catalyst combining with 8.4% Zn(NO3)2 and 4.7% KHCO3 as additives, respectively. Consequently, alkaline metal additives contained Ni-based catalysts be suggested as a potential means for the efficient production of clean synthesis gas from RDF.
Tar contentions mainly are the naphthalene and long chain hydrocarbons, and tar conversion is strongly affected by the downstream gas refine process. Tar components will be mainly converted into unsaturated hydrocarbons and oxy-organics by catalytic reforming with Ni-based catalysts.
